The goal of this paper is to introduce a model to predict the maximum power of a high concentrator photovoltaic module. The model is based on simple mathematical expressions and atmospheric parameters. The maximum power of a HCPV module is estimated as a function of direct normal irradiance, cell temperature, and two spectral corrections based on air mass and aerosol optical depth. In order to check the quality of the model, a HCPV module was measured during one year at a wide range of operating conditions. The new proposed model shows an adequate match between actual and estimated data with a root mean square error (RMSE) of 2.67%, a mean absolute error (MAE) of 4.23 W, a mean bias error (MBE) of around 0%, and a determination coefficient ( 2 ) of 0.99.
Introduction
High concentrator photovoltaic (HCPV) technology is based on the use of optical devices that focus the sunrays on a high efficiency solar cell with the aim of reducing the cell surface area and therefore to decrease the costs of electricity [1, 2] . A typical HCPV module is made up of multijunction (MJ) solar cells, interconnected in series or parallel, with one optical device per cell, and with a concentration factor higher than 500x. The optical devices usually consist of a primary optical reflexive or refractive element that collects and concentrates the light and a secondary optical element to homogenize the light on the solar cell surface and improve the overall acceptance angle of the module [3] [4] [5] [6] [7] . The efficiencies already reached by MJ solar cells and HCPV modules are noticeable and are continuously being increased [8] [9] [10] [11] [12] , because this HCPV represents a potential alternative technology to conventional flat photovoltaic systems in the energy generation market with an installed capacity that could reach more than 1 GWp in 2020 [13] .
The energy prediction and the modelling of the power output of HCPV devices are important issues to evaluate the potential and promote the market expansion of this emerging technology. However, the modelling and electrical characterization of these devices is complex due to the use of multijunction solar cells and optical elements. In order to address this issue, the scientific community has devoted considerable efforts in developing models that reproduce the electrical performance of HCPV modules [16] [17] [18] [19] . These models present different levels of complexity and accuracy and usually need measurements of specific instruments, detailed information of the materials of the modules which is not always available, and advanced knowledge of semiconductor physics, optics, or different specific software.
A different approach for the modelling of HCPV modules based on atmospheric parameters and on a simple mathematical expression has been introduced by Fernández et al. [14] . This model predicts the maximum power of a HCPV module as a function of direct normal irradiance and temperature and introduces a spectral correction based on air mass. The air 2 International Journal of Photoenergy mass is widely accepted as the main parameter that affects the spectral distribution and the electrical output of HCPV modules. However, there are other parameters that play an important role in the spectral distribution of the incident irradiance and power output of HCPV modules. Among these, aerosol optical depth has been demonstrated to be a key parameter since it has a nonnegligible effect in the spectral characterization of these devices [20] [21] [22] [23] [24] [25] . Bearing this in mind, the aim of this paper is to introduce an additional spectral correction based on aerosol optical depth in the mathematical model presented by Fernández et al. [14] . The approach is to find a model based on atmospheric parameters and simple mathematical relationships with an optimum balance between accuracy and simplicity in order to facilitate its application.
The paper is organized as follows. In Section 2, the mathematical model is introduced and justified. In Section 3, the experimental campaign to check the quality of the proposed model is described. In Section 4, the analysis of the results in the estimation of the output of a HCPV module is conducted. Finally, the main conclusions are outlined in Section 5.
Mathematical Modelling
HCPV modules only react to the direct component of the incident irradiance due to the use of optical devices. Taking this into account, the maximum power of a HCPV module can be estimated with the well-known relations used in conventional photovoltaic technology introduced by Osterwald [26] and Evans [27] as a function of direct normal irradiance (DNI) and cell temperature ( ) as
where * , DNI * , and * are maximum power, direct normal irradiance, and cell temperature at standard test conditions; and is the cell temperature coefficient of maximum power.
HCPV modules are based on MJ solar cells and optical devices. In MJ solar cells, each junction responds to a particular band of the spectrum. At the same time, the optical devices modify the spectral distribution that strikes the solar cell surface. Because of this, HCPV modules are strongly affected by the incident spectrum, so that is necessary to introduce a spectral correction in (1) . As commented, the air mass (AM) has been identified as the parameter with the largest impact on the spectral distribution and power output of HCPV modules. Because of this, (1) has been rewritten with a spectral correction based on AM by Fernández et al. [14, 28] as
where is the air mass coefficient of the maximum power of a HCPV module and AM U is defined as the umbral air mass. The analysis of performance of HCPV modules in outdoors has indicated that the power output of a HCPV module can be considered independent of the air mass for AM ≤ AM U and can be corrected with a linear coefficient for AM > AM U . This behaviour is shown in Figure 1 where the normalized power of a HCPV module is plotted versus AM (grey dots). For low AM values the top and middle junctions of MJ solar cells of a HCPV module almost generate the same current and therefore the power output can be considered independent of AM. However, as the AM increases the top junction strongly limits the current of the HCPV module reducing its performance. This behaviour is also shown in Figure 1 where the spectral factor (SF) of a HCPV module is plotted versus AM (red line). This factor quantifies the differential performance of a HCPV device between the incident and reference spectra as a function of the mismatch among the different junctions of the respective MJ solar cell: SF > 1 indicates spectral gains while SF < 1 indicates spectral losses [15, 29, 30] . It is important to note that the SF reaches a maximum at a certain air mass value, where the top and middle junctions generate the same current, and decreases aside this point due to limiting current by one of the junctions. On the other hand, the power output keeps almost constant and starts decreasing when the SF reaches a certain value. This can be explained since the SF quantifies the performance of a HCPV module through the mismatch among the current of the junctions of MJ solar cells and taking into account that the maximum power shows a lower spectral dependence than the current [31] [32] [33] . Equation (2) quantifies the spectral effects by the use of the AM. However, the performance of HCPV modules is also affected by aerosol optical depth (AOD). Therefore, it is adequate to introduce an additional spectral correction based on AOD in order to improve the quality of the model. In order to introduce the appropriate AOD correction, the SF of a HCPV module has been plotted versus aerosol optical depth at 550 nm (AOD 550 ), as shown in Figure 2 . As can be seen, the same behaviour to that in the previous case is observed. of the HCPV module reducing its performance with a linear behaviour as a function of AOD 550 . Taking this into account, (2) can be rewritten as
where is the aerosol optical depth coefficient of the maximum power of a HCPV module and AOD 550,U is the umbral aerosol optical depth at 550 nm. This equation quantifies the AOD at 550 nm since it is the most common observed value in different aerosol data bases. Equations (1), (2), and (3) need cell temperature in order to estimate the maximum power of a HCPV module. This temperature is calculated from atmospheric parameters using the equation introduced by Almonacid et al. [34] as
where air is the air temperature, is the wind speed, and and are coefficients specific to each HCPV module. This equation has been widely analysed and has showed a good performance in the estimation of cell temperature of a HCPV module [35] .
Experimental Campaign
In order to check the quality of the model described in the last section, a HCPV module was under study at the Centre of Advanced Studies in Energy and Environment (CEAEMA) at the University of Jaen in Southern Spain (N 37 ∘ 27 36 , W 03 ∘ 28 12 ) from July 2013 to June 2014. The HCPV module was mounted on a high accuracy twoaxis solar tracker located on the roof of the research centre (Figure 3(a) ). Tables 1 and 2 show the main characteristics and maximum power at standard test conditions (STC) of the HCPV module. In order to measure the electrical parameters of the HCPV module a four-wire electronic load was used. Also, two four-wire PT100 were installed. One thermometer was placed close to the solar cell to measure its temperature ( Figure 3(c) ) and the other was placed on the back of the module to measure its heat-sink temperature. These thermometers were connected to a data logger to record both temperatures. It is important to note that the sensors were located in a receiver between the centre and the border of the module, so that the measured temperatures should be considered as the average temperature of a receiver due to the temperature distribution of a HCPV module [36] . This approach has been previously used and is considered as an adequate procedure for estimating the cell temperature of a HCPV module and for its electrical characterization [37, 38] . In addition, an atmospheric station (Figure 3(b) ) recorded the main atmospheric parameters such as direct normal irradiance, air temperature, wind speed, or humidity. All the parameters were recorded daily every 5 minutes. Figure 3(d) shows the scheme of the experimental set-up. In addition, the daily average values of aerosol optical depth at 550 nm not provided by the atmospheric station were obtained from MODIS Daily Level-3 data source [39] . Figure 4 shows the distribution of the parameters needed to apply the models described in Section 2, obtained during the experiment. Based on these parameters and performing different regression analysis, the coefficients of the models for the module considered have been obtained, as shown in Table 3 .
Analysis of Results
In order to check the quality of the proposed model different analyses have been conducted. Figure 5 shows the linear regression analysis between actual and predicted data using (3) and (4) and the coefficients empirically obtained for the module considered; see Table 3 . As can be seen, the model presents an almost perfect fit with a slope equal to 1 and determination coefficient (
2 ) of 0.99. Also, different statistical parameters have been calculated: the root mean square error (RMSE), the mean absolute error (MAE), and the mean bias Table 3 : Values of the coefficients obtained from outdoor monitored data for estimating the maximum power of the HCPV module considered.
error (MBE). The model shows a RMSE = 2.67% and a MAE = 4.23 W which indicates the small variation of predicted data around measured data and taking into account that the HCPV module considered has a maximum power of 280 W at STC. The model shows MBE = 0.19% which neither overestimates nor underestimates the maximum power.
As commented, the output of a HCPV module is mainly given by direct normal irradiance, cell temperature, and incident spectrum. In order to evaluate the behaviour of the model versus these parameters, Figure 6 shows the RMSE for different DNI, , and SF levels. The spectral factor is obtained using the procedures previously described by different authors [40] [41] [42] [43] [44] . Figure 6(a) shows the RMSE versus DNI. As can be seen, the model shows a good performance for all DNI levels with a RMSE almost constant ranging from 1% to 2%, although it trends to increase with DNI until a maximum value at around 3%. Figure 6(b) shows the RMSE versus . The model also shows a good performance for all values with a RMSE ranging from around 2.5% to 0.8%. As can also be seen, the model yields better results for high values. Figure 6 (c) shows the RMSE versus SF. As can be seen, the model yields good results at different spectra with a RMSE ranging from around 1% to 2.8%. Also, it can be concluded that the model yields poorest results as the SF increases.
In addition to the analyses conducted, a comparison between the results obtained with the proposed model and the results obtained using models based on (1) and (2) been carried out, as shown in Table 4 . As can be seen, the proposed model significantly improves the results of the model based on (1). This can be explained since this model does not take into account any spectral correction. Regarding the comparison with the model based on (2), the proposed model also improves the results which demonstrates the better performance of the proposed model based on an additional spectral correction based on AOD 550 . It is important to note that Jaen is a nonindustrialized medium-size city with low-medium values of aerosol optical depth as shown in Figure 4 (d). Because of this, although the proposed model has a better performance, the results obtained with the model based on (2) and on (3) are similar. However, the proposed model is expected to significantly improve the results of the model only based on AM correction at locations with high turbidity where the AOD plays an important role on the performance of HCPV modules [15] .
Conclusions
In this paper a mathematical model for estimating the maximum power of a HCPV module has been introduced. Following the approach presented by Fernández et al. [14] , the proposed model is based on atmospheric parameters and simple mathematical equations in order to facilitate its application. The model introduces a new spectral correction based on aerosol optical depth, so that is valid for sites with high turbidity. The analysis of the results shows that the model has a good performance in the prediction of the maximum power of a HCPV module with a RMSE = 2.67%, a MAE of 4.23 W, a MBE of around 0%, and 2 of 0.99. Furthermore, the model improves the results obtained with the model previously introduced by the authors only based on an air mass correction. So the model can be considered as a new useful tool for the prediction of the electrical output of HCPV modules under diverse climate conditions.
